Abstract. We present experimental results of deterministic linear optical Controlled-NOT and SWAP gates for single-photon two-qubit quantum logic. In our implementation one qubit is encoded in the polarization degree of freedom of the photon and the other is encoded in the momentum. Momentum-and polarization-controlled NOT gates are demonstrated. They are then combined to form a SWAP gate to convert pairs of momentum-entangled photons into polarization-entangled photons.
protocols [4, 5] . Figure 1 shows the truth table of the P-CNOT gate that agrees very well with the ideal table for a CNOT gate. We have used [8] the P-CNOT gate to entangle momentum and polarization of a single photon when the input photon is in the state
A combination of CNOT gates can be used to build a SWAP gate as described, for example, in Ref. [9] . A SWAP gate exchanges the values of two arbitrary qubits. For example, when applied to the arbitrary two-qubit product state (α|T +β |B )⊗(γ|H +δ |V ), a SWAP gate transforms it into the state (γ|T +δ |B )⊗(α|H +β |V ). When applied on a qubit that is part of an entangled pair of qubits the SWAP gate transfers the entanglement to the other qubit, which may be more conveniently manipulated. In our experiment we used down-converted photon pairs from a periodically poled potassium titanyl phosphate (PPKTP) crystal [10] . These photons show momentum entanglement similar to the type demonstrated by Rarity and Tapster in Ref. [11] . In our notation the state of the photons at the output of the crystal is
where the subscripts S and I refer to the signal and idler photons, respectively. A SWAP gate can be obtained with a sequence of a M-CNOT followed by a P-CNOT and a M-CNOT. Applying a SWAP gate to each of the signal and idler photons allows us to exchange the qubits of both photons and we obtain the polarization-entangled state
where L and R are the states of the computational basis for the momentum qubit after the P-CNOT. Figure 2 shows the experimental setup used to verify entanglement swapping. We used pairs of down-converted photons from a 1-cm-long PPKTP crystal that was continuous-wave pumped at 398.5 nm for type-II phase-matched collinear frequency-degenerate parametric down-conversion [12] . The momentum modes were chosen with two apertures after the gates and the same physical gates were used to manipulate both photons of the pair. After the polarization Sagnac interferometer that implements the P-CNOT gate the state of the photon pair is Observe that this state is polarization entangled. We separated signal and idler photons using the mirror M shown in Fig. 2 that reflected only the right section of the beam. Signal and idler beams were then separately sent through a 2.2-mm iris, a polarization analyzer formed by a half-wave plate and a polarizer, and a 1-nm interference filter centered at 797 nm. Besides being used for polarization analysis, half-wave plate HWP2 in Fig. 2 assumed the role of the second M-CNOT gate, thus completing the SWAP circuit. Figure 3 shows the typical coincidence fringes for the resultant polarization-entangled photons, thus demonstrating that the swapping of entanglement has been achieved. When the analyzer in arm 1 was set at 0 • (solid squares) a visibility V 0 = 97±2% was observed; at 45 • (open circles) we obtained a visibility V 45 = 88 ± 2%. In conclusion we have demonstrated a set of quantum gates for single-photon two-qubit logic. These constitute an essential set of gates in the SPTQ quantum logic family comprising linear optical P-CNOT and M-CNOT gates that are robust and do not need active length stabilization. In addition we have combined C-NOT gates to form a SWAP gate which we applied to momentum-entangled photons to transfer the entanglement from the momentum to the polarization degree of freedom. Our experiments open the way to the demonstration of more complex SPTQ manipulation of entanglement including the manipulation of 3-and 4-photon states. This type of few-qubit quantum information processing is at the core of a number of applications ranging from single-shot two-observers demonstration of nonlocality [4] to two-qubit quantum key distribution [6] .
